We present a combined experimental and theoretical study of molecular methanethiol ͑CH 3 SH͒ adsorption on the reconstructed Au͑111͒ surface in the temperature range between 90 and 300 K in UHV. We find that the simplest thiol molecules form two stable self-assembled monolayer ͑SAM͒ structures that are created by distinct processes. Below 120 K, a solid rectangular phase, preserving the herringbone reconstruction, emerges from individual chains of spontaneously formed dimers. At higher adsorption temperatures below 170 K, a close-packed phase forms via dissociative CH 3 SH adsorption and the formation of Au adatoms that are not incorporated into the SAM. We show that the combination of a strong substrate-mediated interaction with nondissociative dimerization and temperature activated removal of the Au͑111͒ reconstruction drives the largescale assembly of molecular CH 3 SH into two distinct phases. Self-assembled monolayers ͑SAMs͒ are attracting substantial attention, fueled by the relative simplicity of their preparation, their structural integrity, and the ability to customize the layer by choosing an appropriate termination group.
We present a combined experimental and theoretical study of molecular methanethiol ͑CH 3 SH͒ adsorption on the reconstructed Au͑111͒ surface in the temperature range between 90 and 300 K in UHV. We find that the simplest thiol molecules form two stable self-assembled monolayer ͑SAM͒ structures that are created by distinct processes. Below 120 K, a solid rectangular phase, preserving the herringbone reconstruction, emerges from individual chains of spontaneously formed dimers. At higher adsorption temperatures below 170 K, a close-packed phase forms via dissociative CH 3 SH adsorption and the formation of Au adatoms that are not incorporated into the SAM. We show that the combination of a strong substrate-mediated interaction with nondissociative dimerization and temperature activated removal of the Au͑111͒ reconstruction drives the largescale assembly of molecular CH 3 Self-assembled monolayers ͑SAMs͒ are attracting substantial attention, fueled by the relative simplicity of their preparation, their structural integrity, and the ability to customize the layer by choosing an appropriate termination group. 1 These specific properties make SAMs suitable for nanotechnology applications such as surface customization, molecular electronics, and nanopattern creation. 2 Among the large variety of SAMs the self-assembly of alkanethiols ͑CH 3 ͑CH 2 ͒ n SH͒ on gold is probably the most studied. [1] [2] [3] Despite the large amount of data available, the exact nature of the bonding between the molecules and the surface is not completely determined. 4 The initial model of dissociative chemisorption of thiolates ͑CH 3 ͑CH 2 ͒ n S͒ at hollow sites in a ͑ ͱ 3 ϫ ͱ 3͒R30°lattice 5 was challenged by experimental data, 6, 7 which proposed the formation of thiolate disulfide on the surface by dimerization of the dissociated molecules. The dimerization mechanism and the bonding geometry are still extensively debated. [7] [8] [9] [10] [11] [12] For the adsorption of the simplest thiol molecule, CH 3 SH on Au͑111͒ only very recent observational 9,13-16 and theoretical 17, 18 results are available. While desorption data seem still inconclusive, 9,13 initial scanning tunneling microscopy ͑STM͒ studies show the absence of self-assembly, 13 on-top adsorption at submonolayer ͑ML͒ exposures 14 without affecting the substrate reconstruction. 13 These results reveal that CH 3 SH adsorption on Au͑111͒ is substantially different from the larger alkanethiols, which form stable SAMs even at room temperature. The absence of self-assembly is attributed to the fact that CH 3 SH lacks a hydrocarbon tail, which precludes the formation of ordered structures even at low temperatures. However, a very recent STM study revealed a continuous ordered structure. 16 At the same time a density-functional theory ͑DFT͒ calculation 18 proposed the possibility of dimerization of the nondissociated CH 3 SH adsorbate on unreconstructed Au͑111͒, driven by substratemediated charge exchange rather than van der Waals forces. In this Rapid Communication we show that CH 3 SH not only spontaneously dimerizes on reconstructed Au͑111͒ but also forms two stable continuous self-assembled structures.
The STM study is performed in an UHV chamber at a base pressure of 1 ϫ 10 −10 Torr, equipped with a homebuilt variable-temperature STM. 19 The ͑111͒ surface of the monocrystalline Au sample is prepared by sputter/anneal cycles. Methanethiol gas is delivered through a variable leak valve without further purification. The deposition is performed at a CH 3 SH pressure of 5 ϫ 10 −8 Torr onto the cooled sample, and the STM images are taken at the same sample temperature within minutes.
Atomistic modeling of CH 3 SH molecules in contact with the reconstructed Au͑111͒ surface is performed using DFT within periodic boundary conditions as implemented in the Vienna ab initio simulation package ͑VASP͒. 20 The interaction of valence electrons and core ions is treated by the projector-augmented wave method, 21 involving a generalized gradient approximation to exchange and correlation in the framework of the Perdew-Wang 91 approach. 22 The wave functions are expanded in a plane-wave basis with an energy cutoff of 400 eV. The reconstructed Au͑111͒ 22ϫ ͱ 3 substrate is described by a four-layer slab, where the Au atoms in the top two layers are allowed to relax and those in the bottom layers are fixed in their bulklike structure. An energy cutoff of 0.1 meV was set for the respective geometry optimizations. The slabs are separated by a 10-layer-thick vacuum region. The Brillouin-zone integrations are carried out using the Monkhorst-Pack scheme in a 4 ϫ 1 ϫ 1 mesh. 23 This approach is first applied to the pure reconstructed Au͑111͒ 22ϫ ͱ 3 surface. From this calculation, the amplitude of the periodic lateral displacement in the ͗112͘ direction is determined to be 0.8 Å, which compares favorably with the STM result of approximately 0.9 Å. 24 For the corrugation amplitude in vertical direction an average of 0.125 Å is found, to be compared with the measured value of ͑0.16Ϯ 0.05͒ Å ͑Ref. 24͒ and a previous computational value of 0.12 Å. 25 STM images taken after exposures of 0.5-1 L ͑10 −6 Torr s͒ of CH 3 SH at 100 K are presented in Figs. 1͑a͒ and 1͑b͒. Figure 1͑a͒ shows that preferential adsorption takes place on the fcc areas and not on the hcp areas of the herringbone pattern. The ordering and period of the reconstruction network remain unchanged. The higher-resolution im-ages of the disordered distinctive linear structures can be interpreted as a liquid phase proposed by Kondoh et al. 10 for low-coverage alkanethiol adsorption on Au͑111͒. The distance between features, which our DFT calculations show to be CH 3 SH dimers, measures ͑4.8Ϯ 0.4͒ Å along the chains; see Fig. 1͑b͒ . Further deposition saturates the fcc areas of the substrate and spilling over to hcp areas occurs.
At exposures of 1.5 L and substrate temperatures below 125 K we see a dramatic change in the ordering, as shown in Figs. 2͑a͒ and 2͑b͒. The substrate is now completely covered with domains of parallel rows of molecules, running normal to the Shockley partial dislocations. The structure has a rectangular unit cell of ͑5.3Ϯ 0.2͒ ϫ ͑14.4Ϯ 0.4͒ Å 2 . The STM line profile shown in the inset of Fig. 2͑b͒ reveals a small individual height difference in the pairs of neighboring rows. The height of the molecules is ͑0.2Ϯ 0.07͒ Å. This solid phase is remarkably stable and exhibits few defects.
After deposition of 2 L CH 3 SH at 160 K, a continuous ordered phase appears ͑see Fig. 3͒ . This SAM has a hexagonal unit cell with a nearest-neighbor distance of ͑5.1Ϯ 0.5͒ Å and no height variation between the individual molecules, as shown in Fig. 3͑b͒ and the line profile in the top inset of Fig. 3͑a͒ . The herringbone reconstruction is lifted and ML-thick gold adislands are visible underneath the SAM; see line profile in the bottom inset of Fig. 3͑a͒ . In all three observed structures CH 3 SH molecules desorb above 200 K and lead to a recovery of the clean reconstructed gold substrate. A transition from one phase to the other is not observed, neither by exposure nor temperature variation.
To obtain fundamental insight into the origin of the two distinct SAM phases, we performed a DFT calculation of the bonding geometry and binding energy of CH 3 SH adsorption on reconstructed Au͑111͒ at T = 0. Two CH 3 SH molecules are attached to the fcc domain of the substrate, as obtained from our optimization of the pure reconstructed Au͑111͒ surface. The initial positions of the adsorbates were chosen in accordance with the observation that a single CH 3 SH molecule binds preferentially in the fcc hollow region with a tendency toward an on-top site. 17 Also, acknowledging that the S-S equilibrium distance between adjacent CH 3 SH molecules tends to exceed the distance between adjacent equivalent sites, 18 we chose the initial S-S distance as 3.2 Å and thus slightly larger than the separation between closest Au atoms. Optimization yields an equilibrium structure at an increased S-S distance of 4.0 Å, and with an adsorption energy E = 0.89 eV, where E is defined as the energy release per molecule upon attaching two CH 3 SH molecules to the Au͑111͒ 22ϫ ͱ 3 unit cell. In this final geometry, one of the two paired molecules moves from its original position toward a bridge site, and the other toward an on-top site, as shown in Figs. 1͑c͒ and 1͑d͒ . To assess the stability of this phase, we carried out a further computation for two CH 3 SH molecules at fcc sites with an initial S-S distance of 5.1 Å. This value remains nearly unaffected in the course of geometry optimization, indicating negligible mutual influence of the two molecules on each other. Therefore, the adsorption energy difference between both situations may be used as a measure for the interaction strength between the paired adsorbates. That difference is 0.1 eV in favor of the configuration at an equilibrium S-S distance of 4.0 Å, significantly larger than estimated van der Waals effects. 26 Our computations show that the dimer phase impacts the geometry of the substrate by decreasing the corrugation amplitude by 30% without lifting the reconstruction.
High-resolution STM images of the rectangular solid phase seen at high coverage ͓Fig. 2͑a͔͒ can be explained by a DFT-based model that is comprised of nondissociated molecules ordered in a ͑3 ͱ 3 ϫ 2͒ lattice. While the low-coverage precursor phase of individual dimer chains forms by spontaneous dimerization of CH 3 SH molecules the details of the transition to this SAM structure could not be observed. However, our results strongly suggest that the spontaneous change in the adsorption geometry is driven by intermolecular interactions. The bonding geometry is different from the one proposed earlier 16 as the molecular rows are bonded iteratively to shifted-bridge and shifted-top sites in zigzag orientation, as shown in Figs. 2͑d͒ and 2͑e͒ . From extensive DFT optimization, this geometry has an energy advantage of 57 meV over a structure comprised of straight parallel adsorbate rows in the ͗110͘ direction where the CH 3 SH molecules tend to bond toward on-top sites, maintaining largely the orientation with respect to the surface as shown in Fig. 2͑d͒ . The zigzag and the on-top geometry, which emerges from the structure displayed in Figs. 2͑d͒ and 2͑e͒ by mapping the bridge sites onto the adjacent on-top sites in the ͗112͘ direction, are separated by a margin of 3 meV per molecule. Considering the impact of thermal and dispersion effects which are not included in the DFT method employed here, this difference is too small to allow for a statement with respect to the relative stability of the two compared configurations. However, the experimental evidence in favor of the zigzag model is unambiguous.
The experimental conclusions point at a charge-based interaction as the leading contributor for the phase formation for the following reasons: ͑i͒ the solid phase can be imaged at voltages well above the established dissociation barrier of the CH 3 SH molecule of −2.5 V ͑Ref. 14͒ with no impact to the film; and ͑ii͒ exposures above 1.5 L do not change the structure of the film, so once created the ML completely passivates the surface. Moreover, in Fig. 2 we shall notice that the iterative height of the neighboring rows is not switching when the rows cross from fcc to hcp area, so the height alternation is not due to the substrate reconstruction.
The nearest-neighbor distance of ͑5.1Ϯ 0.5͒ Å in the hexagonal phase ͓Fig. 3͑b͔͒ is consistent with the theoretical value of 4.99 Å for a ͑ ͱ 3 ϫ ͱ 3͒R30°primitive cell of closepacked and out-of-plane oriented molecules depicted in Figs. 3͑c͒ and 3͑d͒. For longer alkanethiols at saturation coverage this orientation is predominant, and is referred to as the phase. 27 The out-of-plane orientation is supported by the measured elevation of 0.8 Å of the film with respect to the substrate, four times the elevation of the solid phase. Moreover, the out-of-plane monomer phase has been identified earlier as the most stable equilibrium geometry of 1 ML thiolate on Au͑111͒. 18 The presence of one-atomic-layerthick Au clusters of about 2 -3 % coverage along with the absence of the herringbone dislocation network, as seen in Fig. 3͑a͒ and the line profile in the bottom inset, are consistent with the established scenario of dissociative bonding. 11, 28 In this model CH 3 SH molecules react with the reconstructed Au͑111͒ surface by pulling out gold atoms to eliminate the herringbone dislocations and by bonding as thiolate to the dislocation-free Au͑111͒ surface. Moreover, the total coverage of the uniformly distributed Au adclusters of about 0.02 to 0.03 ML is consistent with the number of excess Au atoms in the reconstructed ͑111͒ surface. These observations clearly suggest that this SAM phase does not require individual Au adatoms to participate in the molecular bonding ͓Figs. 3͑c͒ and 3͑d͔͒. The phase formation can be attributed to the increased diffusion of gold atoms at 160 K. The elevated formation temperature, the unit-cell size variation, and the abundance of defects in the film all suggest that the intermolecular interaction is much weaker than in the case of the solid phase. Considering the weak substrate bonding close to the desorption temperature a delicate balance is required for this phase to form. The failure to observe a transition between the two compact phases can be attributed to the fact that the activation barrier for such transition lies above the desorption energy, in agreement with previous results. 13, 17 In this study we presented the distinct processes that are driving the formation of the two methanethiol SAM structures on Au͑111͒: ͑i͒ spontaneous dimerization of CH 3 SH molecules precedes the formation of the solid rectangular SAM phase at T Յ 125 K on herringbone reconstructed Au͑111͒, and ͑ii͒ dissociative CH 3 SH adsorption at 150 K Յ T Յ 170 K causes the creation and diffusion of Au adatom and thus removal of the herringbone reconstruction and drives the formation of the closed-packed SAM structure or phase. The coexistence of dislocation network and dimer chains is confirmed by DFT calculations. The remarkable stability of the solid phase is attributed to the unusual strength of the substrate-mediated interaction and is a specific property of CH 3 SH self-assembly. 
